I. INTRODUCTION
The recent rapid increase in power conversion efficiencies of thin-film solar cells based on the p-type semiconductors Cu 2 ZnSnS 4 (CZTS) and Cu 2 ZnSnSe 4 (CZTSe) attests to their potential as low-cost, earth-abundant alternatives to CdTe and CuIn 1Àx Ga x Se 2 (CIGS), the two leading commercial thin film solar absorber materials. 1 Many articles have identified the attractive attributes of CZTS and CZTSe for thin-film solar cells. [2] [3] [4] [5] [6] These include their high absorption coefficient in the visible region of the solar spectrum (>10 4 cm À1 for k < 1000 nm), 7 a tunable bandgap from 1 eV for CZTSe to 1.45 eV for CZTS, 8 and a high relative abundance of their constituent elements. While record efficiencies have now reached 12.04% for Cu 2 ZnSn(S 1Àx Se x ) 4 (Ref. 9) and 8.4% for CZTS, 10 these values still fall significantly short of the 20.4% achieved in CIGS solar cells. 11 Closing this performance gap requires a deep understanding of the relations among synthesis, structure, and properties of CZTS and CZTSe films.
To date, many thin CZTS and CZTSe film formation methods have been developed, including deposition from nanocrystal dispersions followed by annealing, [12] [13] [14] [15] [16] [17] [18] deposition from hydrazine solutions, 19 microwave synthesis, 20 reactive coevaporation from elemental sources in vacuum, 5, 10, 21 reactive cosputtering with H 2 S, 22 and hightemperature sulfidation or selenization of stacked or alloyed Cu-Zn-Sn metallic precursor films deposited by evaporation, 23, 24 sputtering, 25, 26 or electroplating. 27, 28 Sulfidation of Cu-Zn-Sn thin films is a particularly attractive approach because it can be easily scaled up and adopted for manufacturing. Indeed, this is one of the approaches used for producing commercial CIGS solar cells. However, this seemingly straightforward method is actually quite complicated because evaporation and diffusion of multiple elements compete with numerous solid and vapor phase reactions to determine the microstructure and phase composition of the thin films. These processes must be balanced and controlled to synthesize films with suitable microstructure, composition, and electronic properties for solar cells. Recent studies have already revealed that sulfidation of Cu-Zn-Sn films begins with sulfur diffusion into the film followed by reactions that form the binary metal sulfides, Cu 2Àx S, Sn x S y , and ZnS. [28] [29] [30] Sulfur diffusion likely begins through the grain boundaries in the precursor film followed by diffusion into the grains. A variety of ternary copper tin sulfides form next; precisely which phases form appears to depend on the initial composition of the Cu-Zn-Sn precursor film. 28 These ternary phases and ZnS are eventually converted to CZTS at temperatures exceeding 480 C. However, under some conditions, it has been shown that CZTS is unstable and may decompose back to the binary sulfides. [31] [32] [33] This is particularly problematic because SnS has high vapor pressure and can evaporate from the film, leaving the film Sn poor and possibly also filled with impurity binary sulfide phases. Using solid SnS in addition to S during sulfidation mitigates this problem, 32, 33 but most sulfidation processes are carried out in open or in quasiclosed systems (e.g., a) Electronic mail: aydil@umn.edu graphite boxes with unsealed lids) such that S and SnS vapor pressures are uncontrolled and unknown. In contrast, isothermal ex situ sulfidation of Cu-Zn-Sn films in an evacuated and sealed quartz ampoule with precisely metered S and Sn allows accurate control and knowledge of the S and SnS vapor pressures as well as the sulfidation temperature. Platzer-Bj€ orkman et al. employed this approach to explore the effects of changing precursor film composition, 34 but they were unable to achieve phase-pure CZTS and detected the persistent presence of an unidentifiable impurity phase through x-ray diffraction (XRD). Despite the presence of impurity phases, working solar cell devices were fabricated from these films.
To date, the highest efficiency solar cells have all been grown on a Mo-coated soda-lime glass (SLG). 9, 10 The use of SLG as a substrate is a carryover from CIGS solar cells, where it has been shown that Na diffusion from the SLG drastically increases the power conversion efficiencies. Indeed, SLG hosts many impurities such as Na, Mg, Ca, and K that may diffuse out of the glass and into the CZTS films. A few studies of CZTS synthesis with Na and K addition have shown enhanced grain growth [35] [36] [37] but achieving CIGS like performance will require a better understanding of the effects of impurity diffusion from the substrate into the CZTS films.
Herein, we present a comprehensive study of the effects of substrate and sulfidation temperature on the microstructure and phase composition of CZTS films formed through isothermal sulfidation of cosputtered Cu-Zn-Sn alloy thin films. We found that regardless of the substrate, nominally phase-pure CZTS is obtained after 8 h of sulfidation at 600 C and with >30 Torr of S pressure. However, the substrate strongly affects the film's morphology: films synthesized on SLG exhibited micrometer sized grains while sulfidation on other substrates resulted in much smaller (100's of nm) grains. Films grown on SLG also reached higher phase purity at lower sulfidation temperatures.
II. EXPERIMENT
CZTS films were synthesized by ex situ sulfidation of Cu-Zn-Sn metal alloy precursor films cosputtered from Cu, Cu-Zn, and Cu-Sn targets onto five different substrates including single crystal quartz (Q), fused quartz (FQ), sapphire (SP, Al 2 O 3 ), Pyrex (P), and SLG. These substrates were chosen to elucidate the effects of substrate crystallinity and substrate impurities on the formation of CZTS. The elemental compositions of the SLG and Pyrex substrates were measured using inductively coupled plasma mass spectrometry (ICP-MS) and were reported in Ref. 36 . The precursor films were DC magnetron sputtered at room temperature and sulfidized isothermally at temperatures between 100 and 600 C. The base pressure of the sputtering chamber was 2 Â 10 À7 Torr. Alloy targets were used in lieu of pure metal targets because Zn has very high vapor pressure (0.1 Torr at 400 C) and Sn melts at a very low temperature (232 C). The precursor films deposited on SLG, FQ, and Q were sputtered from a Cu-Zn (40:60) target and a Cu-Sn (35:65) target at 10 mTorr Ar pressure. The precursor films deposited on P and SP were sputtered from a pure Cu target, a Cu-Zn (20:80) target and a Cu-Sn (35:65) target at 6 mTorr Ar pressure. The sputtering rate from each target was varied using the sputtering power to achieve the desired precursor film composition. During deposition on SP and P, the sputtering powers were 40, 115, and 34 W for Cu, Cu-Sn, and Cu-Zn targets, respectively. At these powers, the deposition rates were 0.091, 0.18, and 0.16 nm/s for the Cu, Cu-Sn, and Cu-Zn targets, respectively. During deposition on SLG, FQ, and XQ, the sputtering powers were 75 and 25 W for the Cu-Sn and Cu-Zn targets, respectively. At these powers, the deposition rates were 0.12 and 0.027 nm/s for the Cu-Sn and Cu-Zn targets, respectively. Each set of targets was carefully calibrated by depositing films at various sputtering powers for several different durations and measuring their thicknesses using cross sectional SEM. Calibration ensured that the precursor films were of equal thickness and approximately the same composition. The thicknesses of the asdeposited precursor films were all within 10% of 270 nm. The elemental composition of the films was nominally 50% Cu, 20% Zn, and 30% Sn (Table I) as determined by energydispersive x-ray spectroscopy (EDS). (See also Table S1 in the supplementary material 38 for the elemental compositions of films on SP, Q, and P. An analysis of the potential sources of errors in the EDS measurements and precursor film compositions can also be found in the supplementary material.) Sulfidized film thicknesses were $1 lm. The precursor films were chosen to be Sn rich to compensate for anticipated and well-documented Sn loss during annealing and sulfidation experiments. [31] [32] [33] The metallic alloy precursor films were sealed in an evacuated quartz ampoule with 1 mg of S, loaded into a box furnace, and heated at a rate of 6.5 C/min to the desired sulfidation temperature. The base pressure of the 10 cm long 1 cm internal diameter ampoule was $10 À6 Torr. The film was sulfidized isothermally for 8 h before cooling naturally to room temperature. The sulfidation temperature, T s , was varied from 100 to 600 C in 100 increments. As the ampoule is heated, S melts at 115 C and the entire 1 mg charge vaporizes completely by 255 C. Thus, the S pressure in the ampoule follows the vapor pressure curve up to 255 C and thereafter increases according to the ideal gas law, varying from 17.5 Torr at 255 C to 36 Torr at 600 C. The phase composition of the films was examined by XRD and Raman spectroscopy. XRD was collected using either a Bruker-AXS Platform GADDS system (for SP and P films) or a Bruker D8 Discover system (for FQ, Q, and SLG films), each utilizing a Cu Ka source and equipped with a Hi-Star 2D area detector. The x-ray beam was collimated to a 0.8 mm spot size. Raman spectroscopy is essential to differentiate CZTS, Cu 2 SnS 3 , and ZnS because the XRD reflections from these materials overlap. 24 Raman spectra were collected at room temperature using a WiTec alpha300R confocal Raman microscope with a UHTS300 spectrometer and a DV401 CCD detector. An Omnichrome Ar ion laser with a wavelength of 514.5 nm and a beam spot size of $300 nm was used to illuminate the films. Raman scattering was collected in the backscattering geometry using an 1800 lines/mm grating with a spectral resolution of 0.02 cm À1 . The morphology and atomic composition of the sulfidized films were examined with a JEOL 6500 scanning electron microscope (SEM) equipped with an energy dispersive spectrometer (EDS). The electron energy was 15 keV for both imaging and EDS measurements; at this energy, EDS samples the top $2 lm of the surface, ensuring that the entire depth of the sulfidized film is included in the analysis. Average grain sizes were determined by averaging across a minimum of 100 grains per sample.
A Physical Electronics model 545 Auger electron spectrometer equipped with a differentially pumped Ar ion source for sputtering was used to measure the composition as a function of depth of the precursor film deposited on Pyrex. The film/Pyrex interface was determined from the onset of severe charging due to the insulating nature of the Pyrex. The sputtering rate was calibrated using the film thickness measured from the tilted view scanning electron micrographs. Depth profiles of sulfidized films were also attempted, though the highly insulating nature of the films resulted in significant charging effects. The elemental profiles of similar films sulfidized at 600 C measured by TOF-SIMS depth profiling can be found in Ref. 36 .
III. RESULTS AND DISCUSSION
We describe our major conclusions by focusing on the films sulfidized on SLG and FQ because the most significant differences were found between substrates that contain alkali metal impurities (SLG and P) and substrates that do not contain these impurities (FQ, Q, and SP). The corresponding data for films on P, Q, and SP, when not discussed in the main text, can be found in the supplementary material. 38 We note that the crystallinity of the substrate did not influence the microstructure and phase composition of the sulfidized films significantly. Both SLG and FQ are amorphous. FQ is nominally impurity free whereas SLG is laden with various impurities, including Na (supplementary material, 38 Table  S2 ). Pyrex is also amorphous but contains lower concentrations of impurities than SLG, which makes it intermediate between FQ and SLG. Q and SP are crystalline and nominally impurity free.
A. Effect of sulfidation temperature on structure and phase composition
The XRD from the as-deposited Cu-Zn-Sn precursor films on SLG and FQ ( Fig. 1 ; see also Fig. S2 in supplementary material 38 ) shows that they are comprised of the hexagonal Cu 6.26 Sn 5 alloy, FCC Cu, HCP Zn, and tetragonal b-Sn. The XRD from precursor films deposited on other substrates were similar (see supplementary material 38 Fig. S3 ). The strong diffraction lines expected from FCC Cu, HCP Zn, and Cu 5 Zn 8 are all near 2h ¼ 43 -44 and overlap with each other. However, the weaker unique reflections for Cu 5 Zn 8 are absent, which suggests that Cu and Zn are present in their elemental form. The absence of a Cu-Zn alloy is surprising and suggests that mixing may be limited even in cosputtered films due to low mobility. However, the Cu-Zn binary phase diagram shows that solubility of Zn in FCC Cu is significant ($30 at. %) at room temperature. Very little shift in the FCC Cu XRD pattern would be expected even with 30 at. % Zn. Thus, significant amount of Zn could be dissolved in the Cu phase. It should also be noted that the Cu and Zn phases are textured in the (111) and (101) directions, respectively. In fact, all the other reflections for Cu and Zn are absent. The Sn phase is also slightly textured in the (200) direction. This texturing is most apparent from the 2D area detector image of the XRD. Instead of a uniform intensity arc, expected for diffraction from randomly oriented grains, the intensity is concentrated near the center of the arc at 30.65 , corresponding to the Sn (200) reflection (see supplementary material, 38 Fig. S4 ).
Scherrer analysis of the Sn and Cu 6.26 Sn 5 phases indicates that the precursor films are nanocrystalline with an average grain size of 30 nm, consistent with SEM images of the precursor films [ Fig. 2(a) ]. SEM images and a sampling of various areas with EDS showed that the composition and morphology of the Cu-Zn-Sn precursor films were laterally uniform. Auger electron spectroscopy sputter depth profiling ( Fig. 3 ) showed that the film composition was also quite uniform through the depth of the film, though the top 30 nm of the surface was slightly Sn and Zn rich at the expense of Cu.
Sulfidation at 100 C
At 100 C, sulfur incorporation into the film is below the detection limit of EDS. Thus, "sulfidation" at this temperature is no more than a mild annealing treatment of the precursor film. The morphology is still relatively uniform [ Fig. 2(b) ], though we observe small amounts of uniformly distributed insulating nanocrystals ($100 nm in diameter) over the surface of the film. The appearance of these small insulating features on the surface of the film is not unique to a single substrate: all substrates yield this morphological feature in similar sizes and amounts. These nanocrystals grow larger at T s ¼ 200 C and we believe that they are ZnS (vide infra). The formation of ZnS at such a low temperatures and S pressure is not entirely unexpected. The Gibbs free energy of ZnS is negative, even at room temperature, and ZnS formation requires much lower S pressure compared to Cu 2 S or SnS. 33 XRD after sulfidation at 100 C shows that Cu 5 Zn 8 has formed (2h ¼ 37.9 and 48.1 ), and the amount of Cu 6.26 Sn 5 has increased (i.e., the integrated area of the diffraction at 30.1 has increased). However, b-Sn, and the textured FCC Cu, and HCP Zn phases still remain. The presence of the Cu 5 Zn 8 has been reported previously, 29 though the precursor film in that case was Zn rich.
Sulfidation at 200 C
Following sulfidation at 200 C, even more alloying of Cu with Zn and Sn is observed, on both SLG and FQ substrates; Cu 5 Zn 8 and Cu 6.26 Sn 5 diffraction intensities increase while the b-Sn diffraction intensity decreases. A weak diffraction line at 2h ¼ 28 may indicate ZnS formation, though Raman scattering was too weak to confirm this. EDS measurements show that only 4% and 8% S is incorporated into films on SLG and on FQ, respectively. Sulfur incorporation into films on SP, Q, and P is similar (supplementary material 38 Table  S1 ). The evenly distributed insulating nanocrystals observed after sulfidation at 100 C are larger ($250 nm) after sulfidation at 200 C [Figs. 2(c) and 2(d)]. EDS measurements indicate that these nanocrystals contain more sulfur ($13%) than the rest of the film ($4%), though the EDS spot size is too wide to determine the precise cation composition of the nanocrystals. These insulating nanocrystals have the same appearance as larger, insulating ZnS regions observed on other zinc-rich films. Their appearance and the presence of a weak XRD peak at 2h ¼ 28 suggests that these nanocrystals may indeed be ZnS. If this is the case, ZnS formation takes place at a notably lower temperature than reported by Fairbrother et al. 29 (400 C) and by Schurr et al. 28 (370 C), although the S in our method has significantly more time to diffuse into the film than in these other studies.
Sulfidation 300 C
Remarkably different, at 300 C, the films are completely sulfidized, that is, 50% of the film is now S, regardless of the substrate (Table I and supplementary material 38 Table S1 ). All x-ray diffraction peaks from the metallic phases disappear (Fig. 4) . The cation composition of the film is different than that of the precursor film. This change is mostly due to sulfidation: as S is incorporated into the film, atomic percent of the cations decrease. For films sulfidized at 400-600 C, the deviation in the cation composition from the nominal stoichiometry of CZTS (25% Cu, 12.5% Zn, and 12.5% Sn) falls within the standard deviation of our measurements (see Table I and discussion below). For the film sulfidized at 300 C, the deviation in the atomic percentage of Zn and Sn from the expected CZTS stoichiometry is reproducible and can be understood by considering the vapor pressures of Zn and SnS. When the precursor film is undergoing sulfidation at 300 C, unsulfidized Zn and SnS can leave the film because their vapor pressures are high. Zinc metal can eventually sulfidize and deposit elsewhere in the ampoule and SnS vapor condenses when the ampoule is cooled. Since the area of the ampoule walls is much greater than the film, the walls act as a sink for Zn and Sn. As the sulfidation temperature increases and sulfur is incorporated into the film, the copper atomic percent decreases from 50% to 25%, the expected value for stoichiometric CZTS. At 300 C, the copper atomic percent is higher than 25% because some Zn and SnS have been lost from the film. There is more Zn lost from films on SLG than from films on other substrates. This higher Zn loss from films on SLG, compared to other substrates, is reproducible though the reason is unknown.
XRD data confirms the formation of SnS as well as CuS. The overlapping common diffraction lines for CZTS, Cu 2 SnS 3 and ZnS appear in both films, on SLG and on FQ (Fig. 4) . 24, 39 Because these diffraction lines overlap, we refer to them collectively as P CZTS/Cu 2 SnS 3 /ZnS. 31 The XRD from films on Q, SP, and P ( Fig. 5 ) likewise show the presence of SnS, CuS, and the P CZTS/Cu 2 SnS 3 / ZnS diffractions. In addition, the film on Q also has diffractions from Sn 2 S 3 and the ternary phase Cu 4 Sn 7 S 16 .
Raman spectra of the films sulfidized on SLG and FQ at 300 C (Fig. 6) show the presence of very weak scattering from CZTS (335 cm À1 ). 40, 41 The broad Raman scattering between 250 and 370 cm À1 is consistent with contributions from Cu 2 SnS 3 (291 and 354 cm À1 ), 42 ZnS (351 cm À1 ), 43 and SnS 2 (315 cm À1 ). 44 In addition, very strong scattering at 474 cm À1 is a clear indication of the presence of Cu 2Àx S on all substrates. 45 The films on Q, SP, and P exhibit Raman spectra similar to the films on SLG and FQ (see supplementary material, 38 Fig. S5 ). A confocal Raman microscope was used to sample multiple locations from each film, and Fig. 6 (and Fig. S5 ) shows two spectra for each sulfidation temperature. The spectra and the locations were chosen to demonstrate the presence of all the observed phases, regardless of the frequency of observation. The Raman spectra show that CZTS begins to form at temperatures as low as 300 C. We find that CZTS formation starts at lower temperatures than reported elsewhere and we attribute this difference to the higher S pressures and longer sulfidation times in our experiments. 28, 29 The presence of CZTS together with binary sulfides suggests that CZTS formation is thermodynamically favored at 300 C but is likely limited by solid state diffusion. In fact, pseudobinary and ternary phase diagrams of the Cu-Zn-Sn-S system show CZTS is a stable phase at temperatures as low as $330 C. 46 This is also consistent with the ability to form CZTS nanocrystals using solvothermal approaches at temperatures as low as 170-220 C. [12] [13] [14] [15] [16] [17] [18] (Table I) . Two XRD peaks unique to CZTS (2h ¼ 36.97 and 37.90 ) are now detectable ( Fig. 4 ) and indicate increased crystallinity (i.e., higher intensity XRD for similar film thickness) and a larger fraction of CZTS in films on SLG and FQ. Diffraction from SnS 2 appears as a small peak at 2h ¼ 15.0 in films on SLG, FQ (Fig. 4) , SP, and P (Fig. 5) .
In films on SLG, small amounts of an unidentified phase appear as weak diffractions near 2h ¼ 33.8 and 49.3 , the same values reported, but also unidentified, by Platzer-Bj€ orkman et al. 34 These are much weaker than the P CZTS/ Cu 2 SnS 3 /ZnS and SnS 2 diffractions, suggesting that they originate from a phase present in very small amounts. In films on FQ, we also detected Cu 4 Sn 7 S 16 by XRD (Fig. 4) .
In fact, films on all substrates other than SLG were found to contain Cu 4 Sn 7 S 16 by XRD ( Fig. 5 ).
Strong Raman scattering at 336 cm À1 confirms that both films, on SLG and on FQ, contain significant amounts of CZTS. A pronounced shoulder on the CZTS peak near 350 cm À1 indicates the presence of ZnS so that at least some fraction of the P CZTS/Cu 2 SnS 3 /ZnS diffraction is attributed to ZnS. In films sulfidized on FQ, we still detect Raman scattering from Cu 2Àx S, indicating that a small amount, not detectable by XRD, is present. We do not detect any other Raman peaks that can be attributed either to the unidentified impurity phase or to Cu 4 Sn 7 S 16 . The Raman spectra collected from the film on Q are very similar to those from SLG and FQ; however, the films on SP and P still show the presence of Cu 2 SnS 3 (Fig. S5) . The films sulfidized at 500 C, on SLG and on FQ, have nearly identical elemental composition (Table I) . However, there are significant differences in their phase compositions. Specifically, the films sulfidized on SLG now predominately show the P CZTS/Cu 2 SnS 3 /ZnS diffraction; the unidentified phase has nearly disappeared (Fig. 4) . In contrast, we still detect SnS 2 and Cu 4 Sn 7 S 16 in films on FQ (Fig. 4) . Like the film on FQ, the films on SP and P also show diffractions from Cu 4 Sn 7 S 16 and SnS 2 , while the film on Q shows only the P CZTS/Cu 2 SnS 3 /ZnS diffraction (Fig. 5 ). On both SLG and FQ, the normalized XRD intensities from CZTS are larger and the widths of the Raman scattering peaks at $336 cm À1 are narrower than those from films sulfidized at 400 C, indicating a further increase in CZTS crystallinity. The full width at half maximum of the $336 cm À1 Raman peak from films on SLG decreases from 20.4 cm À1 at 400 C to 9.4 cm À1 at 500 C. However, Raman scattering from both the SLG and FQ films still show the presence of a shoulder at 351 cm À1 , adjacent to the 336 cm À1 CZTS peak. Deconvolution and quantitative analysis of the Raman spectra using the approach described by Khare et al. 47 (Fig. 7) shows that the shoulder at 351 cm À1 is stronger in films sulfidized at 500 C than that found in phase-pure CZTS films. For the nominally phase-pure CZTS film, the ratio of the area under the peak at 351 cm À1 to the area under the strongest CZTS peak at 332-337 cm À1 is 0.045. This ratio is 0.13, significantly higher, for the film sulfidized at 500 C on SLG. The stronger scattering at 351 cm À1 is indicative of the presence of ZnS. This comparison suggests the presence of some ZnS in films sulfidized at 500 C. The films on Q, SP, and P show a similar decrease in width of the 336 cm À1 CZTS peak from 400 to 500 C, though there is still evidence of Raman scattering from ZnS and Cu 2Àx S in some small regions of the film (Fig. S5 ).
Sulfidation at 600 C
Within the accuracy of EDS, the elemental compositions of the films sulfidized at 600 C are essentially the same as the films sulfidized at 400 and 500 C ( Table I) . The XRD and Raman spectra from films on SLG are consistent with crystalline, phase-pure CZTS (Figs. 4 and 6) . While the XRD from the film on FQ also suggests phase-pure CZTS, Raman scattering shows small regions of SnS 2 , ZnS, and Cu 2Àx S (Fig. 6) . Nevertheless, the majority of the Raman spectra collected from different areas of the film on FQ show a sharp 336 cm À1 peak, consistent with a film that is mostly CZTS. In contrast, despite a diligent search, we could not find any regions of impurity phases in films on SLG by Raman imaging. The film sulfidized on Q has a phase composition similar to the film on FQ in that XRD suggests phase-pure CZTS, while Raman reveals small regions of SnS 2 , ZnS, and Cu 2Àx S (Fig. S5) . The films on SP, like the film on SLG, are nominally phase-pure CZTS. The film on P is almost all CZTS but infrequent regions of Cu 2Àx S were encountered while imaging with Raman spectroscopy.
B. Sulfidation temperature dependence of the films' phase composition
We quantified the films' phase composition using the following approach. For each phase, a unique x-ray diffraction peak was selected (supplementary material 38 Table S3 ) and its integrated intensity was normalized by the detector exposure time, the film thickness, and the corresponding powder diffraction intensity relative to the strongest peak (see supplementary material, 38 Table S3 ). The fraction of each phase is calculated by dividing this normalized intensity, I j , with the sum of all the phases present in the film (RI j ). This approach should provide a reasonable representation of the films' phase composition provided that the films are not heavily textured. As discussed earlier, the Cu and Zn phases in the precursor films and the films sulfidized at 100 C are heavily textured. For these films, the relative intensities of the (111) and (101) reflections of Cu and Zn near 43 -44 are significantly greater than those expected from their respective powder diffraction patterns. For this reason, the elemental Cu and Zn phases have been omitted from the phase composition analysis for the precursor films and the films sulfidized at 100 C, as they would make up in excess of 80% of the bar representing these films, even though (based on stoichiometry) they make up less than 80% of the film. The relative phase compositions of these films are still useful to consider, however, as they clearly show the change in alloying in these films. The results of this analysis for SLG and FQ substrates are displayed as bar graphs in Fig. 8 , providing a visual summary and representation of the evolution of the films phase composition with sulfidation temperature. Only the phases present in amounts high enough to be detected by XRD are included in the bar graphs. Additional phases could be detected through confocal Raman microscopy. These minority phases are listed above the bar for each temperature. Films deposited on FQ and SLG exhibit nearly identical phase composition evolution from 100 to 300 C.
We do not detect any significant sulfidation at 100 and 200 C but both Cu 5 Zn 8 and Cu 6.26 Sn 5 fractions increase when the precursor films are heated to 100 and 200 C. By 200 C nearly all of the elemental Sn is alloyed. The incorporation of S starts between 200 and 300 C. After sulfidation at 300 C, each film is comprised of binary and ternary sulfides, and CZTS. Since there is no Cu and Zn containing ternary, formation and segregation of ZnS and CuS from the Cu 5 Zn 8 alloy is not surprising. Formation of Cu 2 SnS 3 from sulfidation of the Cu 6.26 Sn 5 alloy can also be expected.
While the phase composition of the films on SLG and FQ are similar up to T s ¼ 300 C, they start to differ when T s ! 400 C. The films sulfidized on SLG are nearly phase pure by 400 C with only very small amounts of ZnS and SnS 2 remaining, along with a small, albeit unquantifiable, amount of a currently unidentified phase. These results are similar to those by Han et al. who claimed to have achieved phase-pure CZTS by annealing films, sputtered from Cu, ZnS, and SnS 2 targets on Mo-coated SLG, in H 2 S for 1 h at 400 C. 30 In most other sulfidation studies, however, conversion to CZTS is not achieved until after T s exceeds 480 C. 28, 29 The small amounts of ZnS and SnS 2 remaining at 400 and 500 C appears to be consistent with Thimsen et al. who hypothesized that Zn diffusion into SnS 2 and Sn diffusion into ZnS are slow and are the rate limiting steps in forming CZTS from binary metal sulfides. 48 At 600 C, CZTS formation on SLG is complete after 8 h of sulfidation. Table S3 for calculation details. Textured Cu and Zn phases are omitted from the phase composition of the precursor and the film sulfidized at T s ¼ 100 C. Phases listed above each bar are those identified by Raman spectroscopy. In contrast to films sulfidized on SLG, we find significant (i.e., detectable by XRD) amounts of Cu 4 Sn 7 S 16 , and SnS 2 in films sulfidized on FQ at 400 and 500 C. On FQ, nearly complete conversion to CZTS requires temperatures as high as 600 C. Even then, impurity phases persist and we still find SnS 2 , ZnS, and CuS inclusions in the film with confocal Raman spectroscopy.
Films sulfidized on P and SP exhibit a nearly identical phase composition evolution to films sulfidized on FQ, though the films are nominally phase pure at T s ¼ 600 C. The films on Q undergo a nearly identical phase evolution to FQ. The films on Q also contain Cu 4 Sn 7 S 16 , and, like the film on FQ, still contain impurity phases even when sulfidized at 600 C. Although the Cu 4 Sn 7 S 16 phase has been reported in films synthesized from a Sn-rich precursor, 49 we have never observed this phase when sulfidizing Sn-rich films on SLG. This suggests that the presence of this phase is not necessarily correlated with high Sn concentrations in the precursor films.
It may be surprising that, even though the films are slightly copper rich, we do not observe significant amounts of copper sulfide. The commonly hypothesized reaction pathway that forms CZTS from a Cu-Zn-Sn alloy film begins with the formation of binary sulfides, ZnS, Cu 2Àx S, and Sn x S y , followed by a reaction to form Cu 2 SnS 3 which later interdiffuses with ZnS to form CZTS. (Cu 2 SnS 3 and ZnS have the same sulfur sublattice so that this interdiffusion can be thought of mixing of the cations.) If the film is Cu rich such that Cu/Sn > 2, we certainly expect copper sulfide domains to be present in the CZTS film. However, if Cu/ Sn 2, as is the case in our precursor films, copper sulfide domains are converted to Cu 2 SnS 3 . In fact, at temperatures 400 C and higher, the copper sulfide content falls below the detection limits of XRD, is not visible by SEM/EDS, and is found only by diligent examination with Raman microscopy in only some of the films. Based on this, it follows that a film with a Cu/Zn ratio greater than 2 does not necessarily have to form copper sulfide if sufficient amounts of Sn are also present to form Cu 2 SnS 3 . The lack of large domains of copper sulfide at elevated temperatures also demonstrates that the limiting process in CZTS formation in our sulfidation scheme is in fact ZnS intermixing with Cu 2 SnS 3 and not the conversion of copper and tin sulfides. Figure 8 reveals that conversion of binary and ternary sulfides to CZTS is more facile on SLG than on any of the other substrates used in this study: the films on SLG are converted nearly completely to CZTS at lower sulfidation temperatures than films on other substrates. Moreover, the Cu 4 Sn 7 S 16 phase is not even observed when the films are sulfidized on SLG. The obvious difference between SLG and the other substrates is the impurities in SLG (Table S1 ). Among all the substrates used in this study, only SLG and P contain intentionally added impurities. Moreover, SLG has more than thrice the Na concentration of P. As we will now discuss, comparison of the microstructures of the films synthesized on different substrates reinforces the observation that sulfidation and CZTS crystal growth is more facile on SLG.
C. Microstructure Figure 9 shows low magnification plan view SEM micrographs of films sulfidized on SLG and on FQ at temperatures between 300 and 600 C. The surface morphologies of the films sulfidized on SLG and on FQ appear similar up to T s ¼ 500 C. In fact, surface morphologies of films on all substrates appear similar up to T s ¼ 500 C (supplementary material 38 Fig. S6 ). On all substrates, the surface morphology of the films sulfidized at 300 C is inhomogeneous and exhibit several distinct features, each characteristic of the phases identified through Raman spectroscopy and XRD. Indeed, the elemental compositions of these features match one of ZnS, CuS, SnS 2 , or Cu 2 SnS 3 . Utilizing EDS pointand-shoot mode, we find that the morphological features circled in Figs. 9(a) and 9(e), for example, correspond to CuS (red), ZnS (green), and Cu 2 SnS 3 (blue). Clearly, as the metal alloys are sulfidized, binary and ternary sulfides form and segregate. The inhomogeneous morphology is consistent with the observation of multiple sulfides with XRD and Raman spectroscopy.
As the sulfidation temperature is increased to 400 and to 500 C, CZTS grows at the expense of the binary and ternary sulfides (Fig. 8) , and the elemental composition across the film surface and morphology becomes more homogeneous.
On films sulfidized at 400 and at 500 C, there is no obvious correlation between morphological features and composition, even though small amounts of impurity phases (e.g., ZnS, SnS 2 , and Cu 4 Sn 7 S 16 , see Fig. 8 ) can be detected by both Raman spectroscopy and XRD. While the surface morphology appears increasingly more uniform with increasing T s , the surface of the films on both SLG and FQ have a rather nondescript microstructure with no obvious grain structure. Cross sectional SEM images of these two films at T s ¼ 500 C reveal a better-defined grain structure (Fig. 10) . The average grain sizes measured from cross sectional images were 260 6 50 nm for the film on SLG and 160 6 30 nm for the film on FQ. Recognizable surface grains emerge only when the sulfidation temperature is raised above 500 C ( Figs. 9 and 11) . Remarkably, the microstructures and the grain sizes of the films sulfidized on FQ and the films sulfidized on SLG are significantly different when the sulfidation is at 600 C. The morphologies and grain sizes of the films grown on FQ show little change between 500 and 600 C (170 6 40 nm at 600 C). In contrast, the film on SLG is remarkably uniform across the surface, with clearly distinguishable grains averaging 970 6 160 nm in size. Figure 11 compares the plan and cross sectional views of films sulfidized on SLG, FQ, Q, SP, and P at 600 C. In plan view, films synthesized on all substrates, except SLG, exhibit a similar fine-grained surface morphology. Even though grains are not apparent in the plan view of the films on Q, FQ, SP, and P, the cross sectional SEM image reveals grains in addition to a bilayer structure where grains appear to be larger in the layer near the substrate than the layer at the top of the film. This bilayer structure is also present in the film on SLG sulfidized at 500 C (Fig. 10 ), but it is not observed if the sulfidation is conducted at 600 C. This observation hints that the formation of the bilayer structure may be due to stress buildup in the film during CZTS formation and grain growth. SLG is the only substrate in this study to soften by 600 C, so that stresses that develop in the film may relax on SLG, which becomes compliant at 600 C.
One likely explanation for the vastly improved morphology of CZTS and larger grain sizes on SLG compared to other substrates is impurity diffusion from the SLG into the CZTS layer. Recently, Oo Hliang et al. showed that addition of Na 2 S to the film prior to sulfidation drastically improved the grain size. 35 Recently, we published a systematic study demonstrating the effects of various impurity atoms in SLG on CZTS morphology. In that study, enhanced grain growth on SLG substrates was found to be due to Na and K, while others such as Ca, Mg, B, and Al were ruled out. 36 It is interesting to relate our observations to those by Nagaoka et al. who detected a shift in the (112) x-ray diffraction peak of CZTS single crystals and suggested that Na substitutes into the cation sites, expanding the CZTS unit cell. Such an expansion may facilitate grain growth by enhancing diffusion. 50 In addition to its profound effect on the microstructure, Na also affects the electrical properties of CZTS. 50 Curiously, Pyrex also contains significant levels of Na and K (though less than SLG), yet its grain size is significantly smaller than SLG. Using time of flight secondary ion mass spectroscopy we find significant amounts of the aforementioned impurities in films on SLG and on P but not in Q. A detailed quantitative investigation of the subtle differences in impurity concentrations in these films is reported elsewhere. 36 
IV. CONCLUSIONS
In summary, thin CZTS films were synthesized by sulfidizing cosputtered Cu-Zn-Sn films deposited on crystalline quartz, fused quartz, sapphire, Pyrex, and soda lime glass substrates in an isothermal closed system between 100 and 600 C for 8 h. On all substrates, CZTS formation proceeds through sulfidation of Cu, Zn, and Sn metals and Cu 5 Zn 8 and Cu 6.26 Sn 5 alloys, which form during sputtering and heating to 200 C. Sulfidation begins between 200 and 300 C on all substrates.
By 300 C, the precursor films are completely sulfidized and are composed of similar amounts of CuS, SnS, SnS 2 , Sn 2 S 3 , ZnS, Cu 2 SnS 3 , and CZTS. Significant differences in phase composition begin to emerge at 400 C. Films grown on SLG are nearly all CZTS by 400 C, though some small amounts of ZnS, SnS 2 , and an unidentified phase are detected. Films deposited on all other substrates persistently contained significant amounts of impurity phases such as Cu 4 Sn 7 S 16 until the sulfidation temperature is increased to 600 C. Upon sulfidation at 600 C, the film on SLG has significantly larger grain size than the films on all other substrates. Thus, sulfidation and grain growth on SLG is accelerated compared to other substrates. This acceleration, and the large grained microstructure on SLG, is attributed to impurity diffusion from the SLG substrate into the CZTS films, though further study is needed to determine exactly which impurity atom(s) is responsible, and to better understand the mechanism behind impurity-assisted grain growth. 
